Background: Preclinical evidence from lung cancer cell lines and animal models suggest
Introduction
Statins (3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors) are primarily used for primary and secondary prevention of coronary heart disease. prostate (6) and colorectal. (7) The preclinical evidence for the effect of statins on lung cancer appears promising. In vitro studies have shown reduced proliferation (8, 9) , reduced migration (10) and increased apoptosis (9) in lung cancer cell lines treated with simvastatin and an in vivo study,(10) using a mouse model, demonstrated reduced tumour growth and bone metastases after simvastatin treatment. Despite this preclinical evidence, few studies in humans have investigated the association between statin use and survival in lung cancer patients. A recent Danish study (11) observed some evidence of a weak reduction in cancer-specific mortality in individuals who used statins before lung cancer diagnosis (HR=0.87 95% CI 0.83, 0.92). However, this study did not report findings for statins used after diagnosis, the time period when clinical intervention is possible, nor did it report results for lung cancer by statin type or evidence of dose response associations. A phase 3 randomised clinical trial has also been conducted in 846 small cell lung cancer patients which compared chemotherapy and pravastatin to chemotherapy alone. (12) Although the final trial report has not yet been published, the results were presented at the World Conference on Lung Cancer, Sydney, and a significant protective effect was not observed. (13) It is worth noting that this trial only investigated pravastatin and included only patients with small cell lung cancer. Consequently, there remains a need to investigate the association between statin use and survival after lung cancer diagnosis, particularly for simvastatin because of the considerable supportive preclinical evidence.
Therefore, we investigated the effect of statin use, both before and after cancer diagnosis, on cancer-specific mortality in a large population-based cohort of lung cancer patients.
Materials and Methods

Data source
This study is based upon linkages between the National Cancer Data Repository (NCDR), the UK Clinical Practice Research Datalink (CPRD) and the Office of National Statistics (ONS) death registration data. NCDR data, available for England, included all patients identified by cancer registries, containing date and site of primary cancer diagnosis, and treatment data.
The CPRD includes general practice records and contains demographic information, clinical diagnoses, and prescription data of documented high quality (14) (15) (16) . CPRD is the world's largest computerized database of longitudinal patient records comprising approximately 7% of the UK population. ONS death registration data provided date and cause of death.
Linkages between data sources were conducted using a deterministic algorithm based upon NHS number, gender, date of birth, and postcode. Ethical approval for all observational research using CPRD data has been obtained from a multicentre research ethics committee.
Cohort selection
A cohort of newly diagnosed lung cancer patients was identified from cancer registry recorded primary diagnosis of lung cancer (ICD code C34 Malignant neoplasm of bronchus and lung) between 1998 and 2009, from NCDR. Cohort members with previous NCDR cancer diagnosis, apart from in situ neoplasms and non-melanoma skin cancers, were excluded. This cohort was linked to CPRD and ONS death registration data. Deaths were identified from ONS with coverage up to January 2012 with lung cancer-specific deaths defined as those with underlying cause of death ICD code C34.
Exposure data
Statins were determined from GP prescribing records (from CPRD) based upon the Statins section of the British National Formulary (Section 2.12).(17) A quantity of 28 tablets (the most common pack size prescribed) was assumed for approximately 1% of prescriptions where quantity was missing or assumed incorrect. The daily defined doses (DDD) in each prescription were calculated by multiplying the quantity by the strength (in mg) and dividing by the mg in a DDD from the World Health Organisation. (18) In the main analysis of stains after diagnosis, the exposure window for statin use was from lung cancer diagnosis to death or end of follow-up, but was subject to a lag (described later). In the main analysis of statins before diagnosis the exposure window was from one year prior to lung cancer diagnosis to the date of lung cancer diagnosis. Statins were analysed individually and grouped by type into liphophilic statins (including simvastatin, fluvastatin and cerivastatin) and hydrophilic statins (including atorvastatin, pravastatin and rosuvastatin).
Covariates
Data available from NCDR included histology, surgery, chemotherapy and radiotherapy in the six months after diagnosis. Cancer registry recorded histology codes (International Classification of Diseases for Oncology, 3 rd edition) were used to identify small cell lung cancer patients. Smoking, alcohol, and body mass index (BMI) were determined from the closest GP record prior to lung cancer diagnosis (values more than ten years prior to diagnosis were ignored). Comorbidities were determined prior to diagnosis from GP diagnosis codes using comorbidities comprising a recent adaptation of the Charlson index. 
Statistical analysis
In analyses of statin use after lung cancer diagnosis, deaths in the first year after diagnosis were removed as it seemed unlikely that statin use after diagnosis could influence such deaths. Consequently, patients were followed from one year after lung cancer diagnosis to death, end of registration with the general practice, last date of data collection from general practice or end of ONS follow-up. Time-dependent Cox regression models were used to calculate hazard ratios for lung cancer-specific death (HRs) and 95% confidence intervals (95% CIs). Statin use was defined as a time varying covariate(21) with patients initially considered non-users and then users after a lag of 6 months after their first statin prescription.
A lag is recommended (22) and was used to remove prescriptions in the 6 months prior to death as these may reflect increased contact with medical professionals or end of life care. In sensitivity analyses the duration of this lag was varied. Dose-response analyses were conducted with individuals considered non-users prior to 6 months after first use, a short term user between 6 months after first use and 6 months after the 12 th prescription (or 365 th DDD) and a longer term user after this time. Adjusted analyses were conducted by including potential confounders in the cox regression models. Analyses were conducted by number of prescriptions, number of DDDs and type of statin and repeated for all-cause mortality (which does not require classification of the cause of death). Subgroup analyses were conducted by gender, type of lung cancer (i.e. small cell versus non-small cell) and pre-diagnostic statin use. Tests for interactions were performed using interaction terms within the Cox regression models. Sensitivity analyses were conducted increasing the lag to 1 year, additionally adjusting for smoking, BMI, bisphosphonate use and lung cancer type. A simplified analysis was conducted comparing statin users to non-users in the first year after lung cancer diagnosis in individuals alive 1 year after diagnosis, thus controlling for immortal time bias(23) without requiring time varying covariates. A nested case-control analysis of the cohort was also conducted in which cases who died due to lung cancer were matched on gender, age (in 5 years) and year of diagnosis (in 2 years) to five risk-set controls who lived at least as long after their lung cancer diagnosis. The exposure period was from lung cancer diagnosis until 6 months prior to lung cancer-specific death in cases and for a period of identical duration from diagnosis in matched controls. Conditional logistic regression was then used to calculate corresponding odds ratios (ORs), and 95% confidence intervals (CIs), for statin use in the exposure period adjusting for potential confounders.
In analyses of statin use before cancer diagnosis, lung cancer patients were followed from diagnosis to death or censoring (as defined previously). Deaths in the first year after diagnosis were not excluded. Cox regression models were used to calculate HRs and 95% CIs for stain use based upon prescriptions in the year prior to diagnosis (restricted to individuals with at least 1 year of records prior to diagnosis). Adjusted analysis were conducted including only potential confounders recorded prior to diagnosis to avoid over-adjustment (such as age, year, gender, comorbidities, deprivation, aspirin and beta-blocker user in the year prior to diagnosis). (24, 25) Analyses were conducted by statin type, number of prescriptions and number of DDDs. Subgroup analyses were conducted by gender. Sensitivity analyses were conducted additionally adjusting for BMI, bisphosphonate use and smoking prior to diagnosis and defining statin use as a prescription from 2 years to 6 months prior to diagnosis (restricted to individuals with at least 2 years of records prior to diagnosis).
Results
Patient cohort
A total of 14,689 lung cancer patients were diagnosed in NCDR with linked CPRD data. The analysis of statin use after lung cancer contained 3,638 patients, because 11,051 were excluded with less than 1 year of follow-up (10,265 of whom had died), with average followup of 3 years (maximum 14 years). The analysis of statin use before lung cancer contained 13,398 patients, because 1,291 were excluded with less than 1 year of records before diagnosis, with average follow-up of 1 year (maximum 14 years).
Patient characteristics by statin use are shown in Table 1 . Statin users (before or after diagnosis) were more likely to be diagnosed more recently, be older, be male, have higher BMI, have comorbidities (particularly for cerebrovascular disease, diabetes and myocardial infarction) and to use aspirin and beta-blockers. Statin users after diagnosis were less likely to have chemotherapy. The associations between statin use and other patient characteristics were less marked. In 3,357 lung cancer patients who lived at least 1 year after diagnosis and who had 1 year of records before diagnosis, 2,223 did not use statins in the year before diagnosis and did not use statins any time after diagnosis, 76 used before but not after, 256 used after but not before and 802 used before and after.
Statin use after diagnosis
Overall, statin users after diagnosis had an 11% reduction in the rate of lung cancer-specific mortality (adjusted HR=0.89, 95% CI 0.78, 1.02; P=0.09) compared with statin non-users after adjustment for confounders, (Table 3) there were no marked differences in associations by gender (P for interaction=0.47), pre-diagnostic statin use (P for interaction=0.49) or by lung cancer type (P for interaction=0.12). The associations were little altered in most sensitivity analyses but they were attenuated when the lag was increased to 1 year (adjusted HR=0.92, 95% CI 0.80, 1.05; P=0.22)
Statin use before diagnosis
Overall, statin users before diagnosis had a 12% reduction in rate of lung cancer-specific mortality (adjusted HR=0.88, 95% CI 0.83, 0.93; P<0.001) compared with statin non-users following adjustment for confounders, Table 4 . The magnitude of the reduction in risk of lung cancer-specific death was similar in patients with 1 to 12 statin prescriptions in the year before diagnosis (adjusted HR=0.87, 95% CI 0.82, 0.92; P<0.001) and in those with more than 12 prescriptions (adjusted HR=0.91, 95% CI 0.84,0.99; P=0.02) compared with statin non-users. Comparable associations were observed for all-cause mortality. The observed associations were similar by statin type, by gender (P for interaction=0.10) and in sensitivity analyses, Table 5 .
Discussion
In this large population-based cohort, lung cancer patients who used statins after diagnosis had a non-significant 11% reduction in cancer-specific mortality and those who used simvastatin had a 20% reduction in cancer-specific mortality. These association were apparent when prescriptions in the 6 months prior to death, which could reflect end of life care, were removed but were attenuated in a sensitivity analysis which removed prescriptions in the year prior to death. Lung cancer patients who used statins in the year before diagnosis had a 12% reduction in cancer-specific mortality. This association was little altered in sensitivity analyses.
Although there have not been any epidemiological studies which have investigated the association between statin use after lung cancer diagnosis and cancer-specific mortality, a recent trial (12, 13) found no protective effect of pravastatin and chemotherapy compared to chemotherapy alone in small cell lung cancer patients. Our study also found no association between pravastatin use after diagnosis and cancer specific mortality (adjusted HR=1.23 95% CI 0.85, 1.77; P=0.27), but we found some evidence of protective associations for other statins which were not investigated in this trial, such as simvastatin. A similar phase 2 trial(26) has also been conducted which included 106 advanced (stage 3b or 4) non-small cell lung cancer patients. This trial observed a weak improvement in survival in a group that received simvastatin plus gefitinib compared with gefitinib only (HR=0.88 95% CI 0.57, 1.35: P=0.49), but this was not significant. We observed a slightly more marked, but not inconsistent, inverse association between simvastatin and cancer-specific mortality (adjusted HR=0.80 95% CI 0.69, 0.93; P=0.003). Other early phase trials, though not powered to report upon efficacy, are also in progress (27) (28) (29) (30) Our study has several strengths and limitations. This is the first study to investigate statin use after diagnosis and lung cancer-specific mortality. The cohort was large with long follow-up of up to 14 years. NCDR and ONS data allowed robust verification of cancer diagnosis and death. Although some misclassification of cause of death is possible, this seems unlikely to bias results particularly as analysis of all-cause mortality produced similar findings. Routinely recorded GP dates of prescriptions were used eliminating the potential for recall bias.
However, misclassification of statin use is possible due to over the counter use, but only low dose 10mg simvastatin is available over the counter in the UK and only from 2004.(31) Noncompliance may also contribute to misclassification, but associations were also apparent in patients who had 12 or more statin prescriptions in whom non-compliance is of less concern.
Furthermore, any misclassification of statin usage is likely to drag associations to the null rather than create spurious associations.
The cause of any reduction in lung cancer-specific mortality in lung cancer patients using statins is unknown. As with all observational studies, it is not possible to rule out residual confounding by unrecorded or incomplete variables. In particular adjustments for stage were not possible which could influence results for statins after diagnosis but such adjustments are probably not appropriate for the analysis of statins before diagnosis, as stage may lie on the causal pathway. The observed associations could also be influenced by confounding by indication (32) or the healthy user effect,(33) though these biases would assume that statin users were healthier but in our cohort statin users had higher BMI and more comorbidities.
The observed associations are consistent with the pre-clinical evidence for anti-cancer properties of statins from lung cancer cell lines(8-10) and mouse models.(10) These results require confirmation in further large epidemiological studies, particularly those with complete stage data, which could inform the decision to conduct a trial of simvastatin in lung cancer patients.
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